Fracturing of highly anisotropic rocks is a problem often encountered in the stimulation of unconventional hydrocarbon or geothermal reservoirs by hydraulic fracturing. Fracture propagation in isotropic material is well understood but strictly isotropic rocks are rarely found in nature. This study aims at the examination of fracture initiation and propagation processes in a highly anisotropic rock, specifically slate. We performed a series of tensile fracturing laboratory experiments under uniaxial as well as triaxial loading. Cubic specimens with edge lengths of 150 mm and a central borehole with a diameter of 13 mm were prepared from Fredeburg slate. An experiment using the rather isotropic Bebertal sandstone as a rather isotropic rock was also performed for comparison. Tensile fractures were generated using the sleeve fracturing technique, in which a polymer tube placed inside the borehole is pressurized to generate tensile fractures emanating from the borehole. In the uniaxial test series, the loading was varied in order to observe the transition from strength-dominated fracture propagation at low loading magnitudes to stress-dominated fracture propagation at high loading magnitudes.
1. Introduction
Hydraulic fracturing laboratory experiments
Hydraulic fracturing is the generation of fractures by injecting fluid into a borehole at pressures sufficient to induce failure in the surrounding rock mass. It is used in a vast field of applications, e.g. increasing productivity from hydrocarbon or geothermal reservoirs, stress measurements, stress relief for tunneling or subsurface mining techniques like block caving. In these applications we are confronted with a wide range of lithologies, stress magnitudes and desired fracture dimensions.
The process of hydraulic fracturing is well understood for homogenous and isotropic media (Valkó and Economides, 1995) , but the problem gets much more complex if the mechanical properties of the surrounding rock deviate from being isotropic. Basically all rocks in-situ exhibit a certain degree of anisotropy due to bedding, cleavage or preexisting discontinuities such as joints or faults. This anisotropy might have a strong influence on the fracture propagation direction, the overall fracture geometry and the injection pressures (Warpinski and Teufel, 1987) . Such anisotropy often includes a directional dependency of the material's strength. Therefore, one single strength parameter is usually not sufficient for the prediction of failure and fracture geometries in anisotropic materials.
Hydraulic fractures are basically tensile fractures that are propagated by a pressure inside the fracture. To generate such hydraulic fractures under confining pressure in the laboratory, two different experimental setups are most commonly used. One uses core specimens with a central injection borehole that are loaded isostatically by a Hoek-Cell (Haimson and Fairhurst, 1970; Lockner and Byerlee, 1977; Rummel, 1987; Brenne et al., 2013) . A fluid is then injected into the borehole until the specimen is split into two parts. The second setup makes use of cubic or cuboid specimens that are loaded independently in three directions to induce a true triaxial stress field more similar to in-situ conditions (Haimson and Avasthi, 1975; Zoback et al., 1977; van Dam et al., 2000; Ishida et al., 2004; Frash et al., 2013) . The recording of acoustic emissions (AEs) is a useful tool to gain insights into fracturing processes (Stanchits et al., 2014) . Due to typical specimen dimensions in laboratory experiments, with specimen's outer dimensions being only several times the borehole diameter, such experiments are mainly suitable for the examination of mechanical processes near the borehole (fracture length in the order of few borehole diameters) like fracture initiation or borehole failure.
To simplify the boundary conditions in the experiments and to exclude complex poroelastic and leakoff effects, a polymer tube can be pressurized inside the borehole instead of injecting fluid directly into an open borehole (Clifton et al., 1976; Abou-Sayed et al., 1978; Schmitt and Zoback, 1992) . This also brings the positive side-effect that quasi-static fracture propagation can be achieved and fracture processes can be investigated at very low velocities. A similar technique, sleeve fracturing, is also used in-situ for stress measurements (Stephansson, 1983; Serata and Kikuchi, 1986 ).
Continuum models
Basic continuum mechanics models are commonly used to predict the pressure at which an internally pressurized borehole will fail in isotropic and homogeneous rock mass. In the classic model for non-poroelastic rock (Hubbert and Willis, 1957) , the initiation of hydraulic fracture propagation is only controlled by the orientation and magnitude of the external stress field as well as the strength of the rock. The borehole breakdown pressure P b can be calculated as
where s 3 and s 1 are the minimum and maximum horizontal far field stresses, respectively; T is the tensile strength of the rock; and P 0 is the pore pressure.
When the rock near the wellbore is assumed to be poroelastic, the Poisson's ratio n and the Biot poroelastic parameter a (a¼1ÀC r / C b , where C r is the rock matrix compressibility, and C b is the material bulk compressibility) are introduced as additional parameters into this equation (Haimson and Fairhurst, 1967) :
For the impermeable case (a ¼ 0, P 0 ¼ 0), instead of reducing to the equation of Hubbert and Willis (1957) , this equation gives
From this discrepancy, it follows that the correlation between far field stress s ¼ ðs 1 þ s 3 Þ=2 and breakdown pressure for an impermeable medium could be either P b fs or P b f2s. Furthermore, laboratory experiments indicate that small specimen dimensions as well as high pressurization rates and fluid viscosity increase the breakdown pressure (Haimson and Zhao, 1991; Schmitt and Zoback, 1992) . However, such effects are not covered by the continuum models mentioned above.
Linear elastic fracture mechanics
The classical approaches for calculating breakdown pressures are only valid for a homogenous, defect free continuum. These assumptions are not met by most rocks, at least when a hydraulic fracture is present. To overcome these shortcomings, the principles of fracture mechanics have been successfully applied in the evaluation of hydraulic fracturing experiments (Abou-Sayed et al., 1978; Rummel, 1987; Haimson and Zhao, 1991; Detournay and Carbonell, 1997; Stoeckhert et al., 2014) .
Linear elastic fracture mechanics deal explicitly with the stress distribution around fractures and the conditions under which fractures propagate. The magnitude of the stress field at the tip of a sharp fracture can be characterized by one single parameterdthe stress intensity factor K (Irwin, 1957) . The stress intensity factor is dependent on the stress acting on the fracture as well as the fracture length. For the simple case of a fracture of the length a in an infinite plate that is loaded by a tensile stress s perpendicular to the fracture, the stress intensity factor K I (the subscript "I" refers to tensile fracturing mode) is given by
Accordingly, a corresponding material parameter called fracture toughness K C (or K IC for tensile fracturing) can be defined, at which the fracture propagates:
This parameter can be determined by standardized laboratory tests like the chevron notched three-point bending test (Ouchterlony, 1988) . Typical fracture toughness values for the rocks used in our experiments can be found in Table 1 .
For a hydraulic fracture emanating from a borehole in an infinite isotropic medium, the stress intensity factors can be calculated by superposition of known solutions for simple problems (Rummel, 1987) . However, the influence of the specimen geometry should be taken into account, as the distance between borehole and outer walls is quite small. The calculation of stress intensity factors for such complex geometries can be done numerically. Stress intensity factors can be calculated from finite element method (FEM) simulations using the J-integral (Parks, 1977) which requires the mesh to be adjusted at the fracture tip for good solutions. Another approach is the extended finite element method (XFEM) where the fracture path is independent of the mesh. These numerical methods also facilitate the incorporation of anisotropic material failure models by using an anisotropic fracture toughness.
As the fracture grows, parameters such as the hydraulic properties of the injection fluid and the surrounding rock have an increasing influence on the further propagation. This case is not considered in our models as we only want to examine nearborehole process and exclude all hydraulic effects by the sleeve fracturing technique.
Methods

Experimental setup and specimen preparation
Within this work, two series of hydraulic fracturing experiments on cube specimens (edge length ¼ 150 mm) were carried out using the sleeve fracturing technique. Fig. 1 shows the true triaxial loading frame construction. Loading is maintained by four servocontrolled pressure intensifiers simultaneously controlled by an MTS Teststar IIm system. Principal stresses s 2 and s 3 are applied by super flat cylinders with a maximum capacity of 525 kN. The maximum principal stress (s 1 ) is applied via a hydraulic ram with a Table 1 Rock mechanical parameters (cohesion c, internal friction angle f, Young's modulus E, tensile strength T, fracture toughness K IC , ultra-sonic wave velocity V P ) of Bebertal sandstone and Fredeburg slate perpendicular (t) as well as parallel (//) to bedding/cleavage. Table 2 . Generally, the measured parameters are well above the accuracy. During the injection phase, the borehole is pressurized through a pressure intensifier in volume rate control. The injection medium is deionized water. The borehole wall is sealed off by an elastic but tough polymer tube to exclude hydraulic effects in the rock matrix completely during the pressurization phase Stoeckhert et al., 2014) .
AE monitoring and event localization
Information about fracture initiation, growth and geometry during hydraulic fracturing experiments is collected using a 10-channel AE monitoring system (AMSY-5, Vallen Systeme GmbH, Germany). AE P-wave piezo sensors are mounted within notches in all six loading plates surrounding the specimen. Locations of the sensors can be seen in Fig. 2 . High-vacuum grease is used to improve sensor-specimen coupling by reducing the impedance contrast. The sensors are pushed to the specimen's surface with constant force of 39.9 N by springs to ensure a constant contact pressure. This guarantees for optimal and constant sensor coupling during the experiments.
The AMSY-5 AE monitoring system captures transient waveforms of all 10 channels with a sampling frequency of 10 MHz. Recording of all 10 channels is triggered as soon as one channel exceeds a predefined fixed threshold. The waveforms have a page length of 1024 samples including 256 pre-trigger samples, resulting in a captured time frame of 0.1024 ms per event. AE sensors of type VS600-Z2, also provided by Vallen Systeme GmbH, are used. These sensors have a resonance frequency of 600 kHz and deliver very high sensitivity with respect to the specimen size. The small size of the sensors (4.75 mm in diameter) guarantees precise sensor coordinates for localization purposes. The sensor signals are preamplified with 34 dB pre-amplifiers for each channel. AE data are post-processed using a self-written program that is described briefly in the following section. A detailed description of the processing steps can be found in Molenda et al. (2014) . The AE processing can be subdivided into the following steps:
(1) Arrival time estimation using the AIC trigger technique.
(2) Event builder searches for arrival times that are presumably retraceable to a common source. (3) Localization using a NeldereMead Downhill-Simplex algorithm (Nelder and Mead, 1965) . (4) Collapsing of the localizations using the plane-normaldirection method. (5) Approximation of the source types using first P-wave polarities. In the first step, the event arrival times are estimated by applying an AIC (Akaike Information Criterion) trigger routine (Akaike, 1974) . The technique yields more precise arrival times compared to a fixed threshold method (Fig. 3 ). This precision is needed for the localization within the given specimen size. After arrival time estimation, the arrival times are put into groups. This event-building process searches for arrival times within a certain time interval that is based on the slowest compressional wave velocity in the sample. Events are localized by minimizing the time differences of the measured and theoretical arrival times. Theoretical arrival times are calculated using an estimated source and the travel times to each sensor are calculated using a known velocity field. Minimizing was performed using the NeldereMead Downhill-Simplex algorithm that starts at an initial guessed source position and minimizes the arrival time differences via approximation towards the local optimum in a tetrahedron for three dimensions. This method yields fast and numerically stable results. Localization uncertainties are calculated from the fitting time residuals and the compressional wave velocities.
The velocity field used for the calculations of the theoretical arrival times is of type transverse isotropic. The velocity field is measured by active sensor pulsing. Each sensor is used as an active source while the other sensors record the arriving signals. From the position information and arrival times, a transverse isotropic (due to foliation or bedding) velocity field is estimated. The borehole is neglected for the velocity model. The velocities are measured after the application of external loading and before fracturing.
For a better imaging of the localizations, a collapsing method was applied (Fig. 4 ). This method uses the localization uncertainty to move each event within this uncertainty in space. The direction of movement is calculated to be normal to the best fitting plane within a predefined sphere of 20 mm radius instead of moving the events towards the center of gravity. This method was chosen because of the circumstances that the expected features (localization results formation in space) are thought to be planar. This assumption is based on the expected planar fracture geometry. Source mechanisms are approximated using the first P-wave polarities pol that is defined as
where i is the channel and k is the number of channels (Zang et al., 1998) . The variable sign(A i ) stands for the first P-wave motion polarity of the i-th event. For pol-values of À1 pol À0.25, the event is classified as tensile (T-type). For pol-values of 0.25 pol 1, the event is classified as compressional (C-type). Events with polvalues of À0.25 pol 0.25 are classified as shear or mixed mode (S-type). Good quality events can be localized within a localization uncertainty of around 5 mm (Fig. 5) . The AE localization accuracy was approximated by comparing the localizations with scans of the fracture traces that can be seen on saw-cut slices of the fractured samples. These localizations are characterized by more than 6 triggered sensors with energy ratios of >10. Energy ratios are calculated by squaring and integrating the signal over an equal time length before and after the AIC arrival time. The signal in Fig. 3 has a calculated energy ratio of 94.679, for example.
Procedures for hydraulic fracturing experiments
True triaxial sleeve fracturing experiments
A Bebertal sandstone and a Fredeburg slate cube have been tested using external loading magnitudes of s 1 ¼ 5 MPa, s 2 ¼ 3.75 MPa and s 3 ¼ 2.5 MPa. The experimental procedure for these true triaxial hydraulic fracturing experiments can be divided into four phases (Fig. 6 ): first external loading cycle (to ensure correct positioning of specimen and loading plates), application of final external loads, borehole pressurization cycles and unloading of external loads. Ratios between external loads are kept constant at 2:1 for s 1 :s 3 and 1.5:1 for s 1 :s 2 throughout the experiment to keep the rate of tangential stress increase around the borehole constant. Therefore we used the following stress rates for external loading: ds 1 =dt ¼ 0:1 MPa=s, ds 2 =dt ¼ 0:075 MPa=s and ds 3 =dt ¼ 0:05 MPa=s. Such stress ratios are similar to those found in horizontal wells drilled parallel to the maximum principal horizontal stress in depth ranges between 3 km and 5 km in the North German Basin (Moeck et al., 2009) .
Wellbore pressurization (phase 3) is maintained in volume control to perform a cyclic stable fracture propagation (Fig. 6 ).
Sleeve fracturing experiments under uniaxial compression
Additionally, a series of 5 sleeve fracturing experiments with 5 different magnitudes of s 1 from 2 MPa up to 20 MPa normal to cleavage planes has been performed. s 2 and s 3 are set to a value of 0.5 MPa to guarantee specimen deformation measurements and AE sensor coupling with loading plates. Apart from that, the workflow is similar to the triaxial experiment series.
Sample material
We used a Permian sandstone (Bebertal sandstone) with low porosity from a quarry in the North German Basin as well as a Devonian slate (Fredeburg slate) from an underground mine in the Rhenish Massif. Geomechanical parameters were determined according to International Society for Rock Mechanics (ISRM) suggested methods (Ulusay and Hudson, 2007) . The properties of slate are strongly anisotropic (depending on the angle between loading direction and cleavage planes), therefore we determined upper and lower boundaries of material strength, toughness and elasticity (see Table 1 as well as Brenne et al. (2014) and Stoeckhert et al. (2014) for further information).
Results
Evaluation of laboratory experiments
Information about fracture processes is gained from both methods, the AE as well as deformation measurements. When external stresses are applied, we often receive AE events from preexisting discontinuities. The magnitude of deformation in each direction is proportional to the respective external loading (biggest amount in direction of s 1 , smallest amount in direction of s 3 ) (Fig. 7) .
In the first phase of injection (the pre-fracture phase), no significant AE events are received. Small amounts of negative deformation (the cube is getting bigger) can be measured at the loading plates. There is a linear relation between deformation and injection pressure in this first phase. The beginning of the second phase (the fracture propagation phase) is either determined by the detection of first acoustic events close to the borehole wall or the deviation of the ratio of external deformation to injection pressure from being linear. The injection pressures at which this occurs are named P INI (AE) and P INI (D), respectively. After this point successive AE events are recorded and deformation rate is constantly increasing.
The final stage is marked by the specimen breakdown, where the injection pressure is the maximum and cannot be further increased. Just before, the deformation rate also reaches its maximum. AE localizations reach the specimens outer walls in this stage. When the injection pressure is reduced to zero afterwards, a residual deformation perpendicular to the fracture is measurable.
Further injection cycles typically show smaller amounts of AE events and higher rates of deformation at the respective injection pressures compared to preceding cycles.
Triaxial experiment on sandstone
A sleeve fracturing experiment using a Bebertal sandstone cube with an external loading of s 1 ¼ 5 MPa, s 2 ¼ 3.75 MPa and s 3 ¼ 2.5 MPa was performed with 4 pressurization cycles up to a maximum injection pressure of 47.7 MPa in polymer tube.
Sensor signals recorded during this experiment can be seen in Fig. 7 . The specimen expands in the direction parallel to that of s 3 during injection. Pressure vs. deformation curve of cycle 1 shows a significant change of deformation rate at P INI (D 1 ) ¼ 30.9 MPa, while the first significant AE event already occurred at P INI (AE) ¼ 20 MPa. In cycles 2 and 3, a nearly penny-shaped axial bi-wing fracture grew stepwise in each pressurization cycle to the specimen surface. In cycle 4, injection was interrupted before any further fracture propagation took place. Only fracture reopening occurred as indicated by lower AE activity. Therefore, fracture was propagated over an injection pressure range of about 30 MPa. Fig. 8 shows the measured D 3 signal and the emerged residual deformation between the pressurization cycles in detail.
During the experiment, over 31,000 AE events were successfully localized (cf. Figs.10 and 11 ). These events are based on a minimum of 6 triggered sensors with energy ratios >10. The velocities from the pulsing yield the following results: V P (x) ¼ 3593 m/s, V P (y) ¼ 3459 m/ s and V P (z) ¼ 3516 m/s. Therefore, the acoustic properties of this sandstone specimen can be assumed to be isotropic.
Localizations reveal that the fractures start to grow at the borehole wall diametrically opposed. The fracture grows stable over several centimeters. We observed a stepwise and discrete fracture growth process, meaning that each fracture wing grows in an alternating way and not simultaneously.
Fracture length from the borehole wall at a given injection pressure can be measured using the localizations. The re-onset or further fracturing in successive cycles is marked by an increase in AE activity.
Source mechanism evaluation showed that there are differences in the source types between pressurization and pressure release. Events during pressurization are dominated by T-type (62%) and Stype (34%) events. When the fracture closes during pressure release, the main source type mechanisms are C-type (58%) and Stype (26%). The fracturing process is mainly a tensile and sheardominated process whereas the fracture closure is characterized by compressional and shear type events.
Triaxial experiment on slate
In an experiment using a slate cube under the same external loading (s 1 ¼ 5 MPa, s 2 ¼ 3.75 MPa, s 3 ¼ 2.5 MPa; s 1 perpendicular to cleavage plane), the fracture propagated in the unfavorable direction perpendicular to s 1 . This is related to the preexisting weak planes due to the cleavage. Deformation measurements also indicate a dilatation parallel to s 1 , while the specimen is compressed in the direction parallel to s 3 (see Fig. 9 ). As the fracture initiation pressure from deformation measurements parallel to s 1 direction, P INI (D 1 ) ¼ 22.5 MPa could be detected in pressurization cycle 2. The maximum pressure was 42.7 MPa. At that pressure, the induced deformations are 8 mm in D 1 and À5 mm in D 3 direction.
A much lower AE activity was recorded during this experiment resulting in 612 localizable events with a minimum of 6 triggered sensors with energy ratios >10 (Fig. 12) . From pulsing data a transverse isotropic velocity model is assumed for the slate: V P (x) ¼ 5839 m/s, V P (y) ¼ 5562 m/s and V P (z) ¼ 4446 m/s. The zvelocity, orthogonal to the cleavage planes, is 22% slower than the x-and y-velocities that are within the cleavage planes.
According to AEs, the fracture starts to grow within the cleavage plane in the direction of s 3 at P INI (AE) ¼ 26.3 MPa. Successive pressurization forces the fracture to grow without changing the direction. Source type AE results of the slate fracturing are different from the results of the Bebertal sandstone. During pressurization (fracture growth), the dominant source type is S-type with 62%. During fracture closure, the total amount of S-type events stays roughly the same with 57%. The only difference between fracture propagation and closure source types is the relative amount of C-type to T-type events. During fracture propagation, there are twice as much T-type (24%) events as C-type (14%) ones. This relation reverses during fracture closure where there are twice as much C-type (29%) events as T-type (14%) ones. Basically, both fracturing and closure seem to be shear-dominated processes in the slate. The fracture propagation direction is controlled by the rock properties instead of the stress field in this experiment. We performed a series of uniaxial sleeve fracturing experiments to examine the transition from stress-dominated to strengthdominated fracture propagation.
Uniaxial experiments on slate
Unfortunately, during most uniaxial experiments, the AE measurement was disturbed by strong electrical ground noise. The AE signal to noise ratio was such low that only a few AE events could be localized with huge spatial errors. Therefore, the use of AE localization data is restricted for these experiments. Deformation measurements still yield useful information on fracture processes.
We varied the uniaxial loading from 20 MPa (where the fracture clearly propagates in the direction perpendicular to the cleavage plane) down to 2 MPa with strength-dominated fracture propagation in the cleavage plane. The transition from stress-to strengthdominated fracture propagation (somewhere uniaxial stress between 5 MPa and 10 MPa) is marked by complex fracture geometries. Fracture initiation pressures (as determined by both AEs and deformation) increase with the magnitude of uniaxial loading up to the strengthestress transition. After this point fracture initiation pressures slightly decrease with increasing uniaxial loading (see Table 3 ).
Discussion
AEs
The existence of stable fracture propagation and the fracture plane geometry could be verified and visualized by AE analysis for both triaxial experiments. The outer rim of the plane formed by the localizations is assumed to correlate with the actual fracture front position. Based on this assumption, the fracture length at a given injection pressure can be measured using the AE localizations.
Source type analysis of the AE events gives insights into the predominant source types being active during fracturing. One would expect the fracturing process being predominated by tensile failure and fracture closure to be a mixed mode of compressional and shear events. Fig. 13 shows the results of source type analysis for the first cycle of the triaxial experiments on sandstone and slate. For the sandstone these expectations correlate with the source type analysis. During fracturing, tensile (T-type) failure is dominant and during closure, the predominant source types are mainly compressional (C-type) and shear type (S-type) events. The slate Table 3 Results of uniaxial experiments with magnitude of axial loading (s 1 ), specimen breakdown pressure (P b ), fracture initiation pressures as determined by AEs (P INI (AE)) and deformation measurement in directions parallel to s 1 (P INI (D 1 )) and s 3 (P INI (D 3 )).
Specimen s 1 (MPa) fracture draws a different source type picture. The fracturing within a cleavage plane in the slate in a strength-dominated manner seems to be preliminary based on shear (S-type) failure. A similar observation is made during fracture closure. The source type analysis indicates that the fracturing and closure processes in the slate may be accompanied by microshearing events which overlay the tensile and compressional events. This effect may also be caused by higher amplitudes of the shear events compared to the tensile and the compressional events in slate. This effect seems not to be present in the sandstone experiment.
There is a significant difference in localized AE between the sandstone and slate experiments for a similar sized fracture plane. Given a similar fracturing time the sandstone emits 10 times as many localizable AE events as the slate. Additionally, the mean AE amplitudes during this interval are 57 dB for the sandstone and 43 dB for the slate. The mean linear amplitude obtained by the sensors for the sandstone experiment is 5 times as high (14 dB) as the one for the slate experiment. One reasonable explanation is the difference in attenuation in the direction between both lithologies. The slates show a very high attenuation perpendicular to the cleavage plane. This may reduce the total number of sensors that record an event with a sufficiently high signal to noise ratio, yielding not enough arrival times for the localization process. Another reason may arise from the assumption that the fracture in the slate is composed of a larger number of low energy emitting fracture steps compared to the sandstone fracture. Most of these low energy AE events may be under the detection sensitivity of the AE system and therefore only a few large energy AE events are being recorded.
Deformation measurements
Deformation measurements in test series 1 of Bebertal sandstone and Fredeburg slate at the same external stresses provide different fracturing mechanisms as described above. Tensiledominated fracture propagation and opening parallel to cleavage planes lead to measurable displacements at the loading plates. Magnitudes of deformation in the direction perpendicular to the stimulated fracture plane were in a range of 0e35 mm for the Bebertal sandstone and of 0e5 mm for the Fredeburg slate. During the first pressurization cycle, fracture initiation pressures as determined by deformation (P INI (D)) are higher than those determined by AEs (P INI (AE)) for the Bebertal sandstone. In the slate specimen, the relation between P INI (D) and P INI (AE) is reversed. Between pressurization cycles, residual deformations of a few microns as a result of fracturing can be seen.
In the 5 experiments of test series 2, the determination of fracture initiation pressures for deformation measurements is less straightforward. At the highest normal stresses (s 1 ¼ 10, 20 MPa), an abrupt increase of deformation in s 3 direction was detected simultaneously with the detection of the first AE event. The pressure interval between the first deformation attributed to fracture initiation and the final specimen breakdown is very small. This indicates either that the injection pressure range for stable fracture propagation was only a few megapascal or deformation was too low to be detectable during fracturing in the direction parallel to s 1 . At low uniaxial stress (s 1 ¼ 2 MPa), an increase of deformation rate in s 1 direction was observed some 10 MPa below specimen breakdown. The correlation of fracturing processes to deformation measurements yields good results for single planar fractures perpendicular to the one in the loading directions. When multiple, inclined, branched or tortuous fractures propagate, this relation gets more ambiguous.
As the total displacement of the loading plate is measured, it might not only be related to fracture opening, but also to other types of plastic deformation inside the specimen and at the contacts between loading plates and the specimen. Thus, it is difficult to infer accurate fracture opening widths from the deformation measurements. The effect of plastic deformation was minimized by an external loading cycle (phase 1 in Fig. 6 ) prior to the actual experiment.
Numerical modeling
Approach
Although triaxial experiments are three-dimensional (3D) problems, we model a cutting plane perpendicular to the borehole using a two-dimensional (2D) plane-strain simplification as a first approximation. We assume simple linear elastic, impermeable and non-poroelastic material behavior.
We model a square geometry with two fractures emanating radially from a central borehole with the commercial FEM package Abaqus Ô (Dassault Systèmes, 2012) and the XFEM software roxol GmbH, 2013) . External loading as well as the pressure inside the borehole is supplied by Neumann boundaries. The fracture faces are traction free. This accounts for the sealing of the borehole by the polymer tube. The critical injection pressures for which the fracture propagation criterion is satisfied at a given fracture length were calculated for a range of typical fracture toughness values and external stress magnitudes. This gives us a theoretical relation between the fracture length and the injection pressure required for stable fracture propagation at this length.
The results suggest that in the experiments using the polymer sleeve at short fracture lengths there is stable fracture propagation, i.e. the pressure inside the borehole has to be increased to propagate the fracture. Therefore, the fracture growth rate can be controlled through the injection rate.
We assume the minimum of the fracture length vs. propagation pressure curve to be the pressure at which a fracture is initiated. Specimen breakdown occurs at a pressure corresponding to the maximum of this curve. After this point the fracture propagates fast and unstably until it reaches the specimens outer walls.
Our approach to model material with an anisotropic strength is based on the assumption of a directional variation of fracture toughness. For our cases, where a slate specimen is loaded in the direction perpendicular to the foliation plane, we simulate two configurations: (i) the propagation of a fracture in a direction parallel to the maximum principal stress in a medium with a high fracture toughness, and (ii) the propagation perpendicular to the maximum principal stress in a medium with a low fracture toughness.
Numerical modeling of triaxial experiments
Numerical modeling using a fracture toughness of 1.2 MPa m 0.5 determined for Bebertal sandstone in three-point bending tests and assuming two radial fractures emanating from the borehole parallel to s 1 yields a relation curve between fracture length and injection pressure required for stable fracture propagation. This curve can be compared to the localization of AE events. The front of the AE cloud is assumed to be the fracture tip at the respective injection pressure.
In Fig. 14, the distance of this front from the borehole wall is in rather good agreement with the numerical model for short fracture length. Injection pressure for specimen breakdown is strongly underestimated by the model. This might be due to border effects like friction on the interface between specimen and loading plates. It is also likely that the assumption of plane-strain conditions (and the neglection of s 2 ) is an over-simplification. The fracture geometry in the experiment is penny-shaped, which cannot be reproduced by a plane-strain model.
Numerical modeling of uniaxial experiments
For the numerical modeling of uniaxial experiments we focus on the two end-members of fracture propagation being purely stresscontrolled (parallel to s 1 , perpendicular to foliation) and purely strength-controlled (perpendicular to s 1 , parallel to foliation). This is due to the fact that the numerical simulation of fracture propagation (especially the fracture propagation direction) in anisotropic material is quite complex. By limiting to the two end-members, we can make use of isotropic models and only vary the fracture toughness.
In the strength-controlled case, a fracture toughness of 0.3 MPa m 0.5 is assumed, according to the fracture toughness determined for fracture propagation in the foliation plane. This yields a relation between fracture initiation as well as breakdown pressures and confining pressures with positive gradients of about 3 and 10, respectively (Fig. 15ered lines) . The stress-controlled fracture propagation regime where the fracture cuts through layers of sheet silicates is modeled using a much higher fracture toughness of 2.5 MPa m 0.5 . This is supported by the magnitude of fracture toughness determined for the slate in three-point bending tests perpendicular to the cleavage plane. The calculated fracture initiation and breakdown pressures for this configuration at low uniaxial stresses are much higher than those in the strength-dominated model. However, they are decreasing with increasing uniaxial stress. Gradients are À0.44 for fracture initiation and À0.16 for specimen breakdown, respectively (cf. Fig. 15eblack lines) .
The intersections between the curves for stress-dominated and strength-dominated configurations are at about 10 MPa uniaxial stress for fracture initiation and at about 4 MPa uniaxial stress for specimen breakdown, respectively.
Experimental results show a similar trend. Fracture initiation pressures determined by AE as well as breakdown pressures increase up to a uniaxial loading of 7.5 MPa. At 20 MPa uniaxial loading, fracture initiation and breakdown pressures are significantly lower. However, the numerical model seems to fail in predicting the absolute magnitudes of initiation and breakdown pressures at such high loading magnitudes. This might be specific for slate or in general material with high anisotropy. An experimental series using cylindrical specimens under isostatic confining pressures performed before gave similar findings. The simple fracture mechanical model overestimates the breakdown pressures at high confining pressure for slate specimens, while for other rock types it seems to fit much better .
From Fig. 15 it is evident that at 2 MPa uniaxial loading, there is only fracture propagation in the foliation plane and no fracture parallel to s 1 . On the other hand, at 20 MPa uniaxial loading there is only one single planar fracture parallel to s 1 and no visible fracture in the direction of the cleavage plane. In the transitional range at 5, 7.5 and 10 MPa uniaxial loading, the fracture geometry is complex including opening of cleavage planes, inclined fractures at varying angles to the direction of s 1 , stepped fractures and multiple branched fractures.
In the model, this is the range where the pressure to initiate a fracture parallel to the foliation plane is lower than the one perpendicular to it. However, the breakdown pressure for the latter is below that required for specimen breakdown by a fracture in the foliation plane. An interpretation of this modeling data could be that at first a fracture parallel to foliation is initiated. When injection is further increased, a second fracture perpendicular to the initial set and parallel to s 1 is initiated and propagated until breakdown.
The fracture geometries are much more complex in our experimental results but we find evidence for fracturing parallel to foliation as well as fractures perpendicular (or at some high angle) to it in all three specimens under intermediate loading.
Conclusions
We perform tensile fracturing experiments under uniaxial and triaxial loading in the laboratory using a sleeve fracturing method. Deformation measurements and detection of AEs give insight into fracturing processes. The localization of AE events provides detailed information for fracture propagation and fracture geometry. Numerical modeling using fracture mechanics to simulate a directiondependent strength can reproduce most observations from laboratory experiments. However, the models fail to predict magnitudes of injection pressures at specimen breakdown in some experiments.
Tensile fracturing of anisotropic rocks in the laboratory results in complex fracture geometries. We find a transition from strengthdominated to stress-dominated fracturing in experiments on slate under uniaxial compression. In the strength-dominated regime, the fracture plane strongly deviates from the idealized model, where fracture propagation is parallel to s 1 . The detection of AEs in experiments on slate involves some difficulties that are not yet resolved. Transversely isotropic rocks like slate might be modeled using a directional anisotropy of strength parameters like fracture toughness.
Taking into account the strength anisotropy in the models substantially improves the predictions. Borehole breakdown is not only depending on the magnitude of external stresses, but also on the orientation of the principal stresses as well as the borehole with respect to the material anisotropy.
